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INTRODUCTION 


This  contracted  project  is  aimed  at  designing,  synthesizing,  and  testing  small  molecule  inhibitors 
of  the  cytotoxin  ricin.  Ricin  is  a  class  B  biological  agent  which  is  known  to  be  in  the  possession 
of  terrorist  groups  (Loyd,  2001).  Although  not  as  menacing  as  infectious  agents,  ricin  is  of  great 
concern  because  of  the  ease  with  which  large  amounts  of  semi  pure  material  can  be  produced 
(Wellner  et  al,  1995).  The  Army  is  proceeding  with  vaccine  development  for  key  military 
personnel  (Olson  et  al,  2004).  However,  wide  spread  vaccination  of  the  military  or  civilian 
population  is  not  practical  or  desirable,  and  so  there  is  a  need  for  an  efficacious  antidote.  In 
addition  to  its  utility  such  a  compound  could  reduce  panic  that  arises  from  a  relatively  minor 
terrorist  incident.  Our  area  of  expertise  is  the  rational  design  of  inhibitors  of  enzymes  like  ricin  A 
chain,  RTA  (Yan  et  al,  1997;  Miller  et  al,  2002).  We  have  elucidated  the  three-dimensional 
structure  of  ricin  and  this  model  serves  as  a  template  for  the  design  of  small  molecules  that  can 
bind  tightly  and  inactivate  the  toxin.  These  inhibitor  compounds  should  also  incorporate 
elements  of  drug  design,  including  solubility,  stability,  and  low  toxicity.  We  have  used  computer 
searches  to  identify  classes  of  inhibitors  that  act  as  “platform”  molecules.  These  platforms  have 
been  modified  and  appended  creating  novel  inhibitors  for  RTA.  This  particular  project  is  a 
collaboration  between  structural  biologists  (Robertus  group)  and  synthetic  chemists  (Kerwin 
group)  to  extend  our  previous  research  efforts  on  antidotes.  It  is  a  step-wise  process,  beginning 
with  modest  inhibitors,  which  are  then  sequentially  improved  after  analysis,  to  produce  ever 
more  potent  compounds;  the  program  is  scheduled  to  last  three  years.  Our  overall  goal  is  to 
create  a  ricin  inhibitor  which  is  efficacious  at  inhibiting  ricin  intoxication  of  cultured  cells,  and 
itself  is  non-toxic. 
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BODY 


The  original  Statement  of  Work  (SOW)  is  as  follows: 

Task  1:  Design  improved  specificity  pocket  (months  1-12) 

a.  Prepare  9-oxaguaninine 

b.  Prepare  other  related  heterocycles 

Task  2:  Identify  ligands  for  second  ricin  binding  pocket  (months  1-18) 

a.  Use  computer  searches  based  on  ricin  structure 

b.  Apply  crystallographic  screening  of  shape-diverse  sets  of  commercial  compounds 

Task  3:  Prepare  tripartite  inhibitors  joining  best  specificity  pocket  and  second  pocket  moieties 
with  appropriate  linkers  (months  9-24). 

Task  4:  Use  iterative  crystallographic  algorithm  to  refine  tripartite  inhibitors  (months  12-36) 

a.  Modify  compound  shape  to  fit  enzyme  contours 

b.  Design  compounds  for  maximum  water  solubility  and  biological  uptake 

Task  5:  Test  biological  efficacy  of  inhibitors  as  ricin  antidotes  (months  1-36) 

a.  Candidate  inhibitors  will  be  tested  against  ricin  enzyme  activity 

b.  Ricin  inhibitors  will  be  tested  for  protective  action  in  cultured  human  lung  cells 

c.  The  most  promising  ricin  antidotes  will  be  sent  to  a  commercial  testing  facility  for  initial 
human  safety  tests  using  a  panel  of  enzyme  and  receptor  assays. 


ACCOMPLISHMENTS  FOR  (CALENDAR)  YEAR  4 


TASK  1:  Design  improved  specificity  pocket  ligands 

Our  search  for  improved  specificity  pocket  ligands,  based  on  novel  synthesis,  has  stopped. 
However,  some  new  methods,  which  were  not  available  to  us  when  this  proposal  was  first 
written,  have  become  available.  In  particular,  we  have  acquired  a  16  node  parallel  computer 
with  32  dual  processors.  We  also  acquired  three  pieces  of  virtual  drug  screening  software, 
called  GOLD  (Jones  et  al,  1997;  Verdonk  et  al,  2003),  eHiTS  (Zsoldos  et  al,  2006),  and  Surflex 
(Jain,  2003).  These  programs  were  validated  by  docking  a  short  list  of  known  RTA  inhibitors 
(Miller  et  al,  2002);  this  test  showed  that  the  known  inhibitor  pteroic  acid  (PTA)  was  correctly 
docked,  compared  to  the  X-ray  structure,  by  all  three  programs.  Next,  in  a  test  using  1000 
random  compounds  from  the  Sigma  Aldrich  data  base  (Irwin  &  Shoichet,  2005),  PTA  was 
ranked  in  the  top  5%  of  predicted  binding  strengths  by  each  of  the  three  programs.  This 
suggested  that  the  programs  were  able  to  recognize  the  characteristics  of  a  true  inhibitor.  In 
addition  to  confirming  that  PTA  was  an  RTA  inhibitor,  the  virtual  screen  produced  some  novel 
candidate  compounds  as  inhibitors.  Appropriate  to  this  task  is  the  identification  of  potential  new 
platform  molecules.  The  program  GOLD  predicted  that  a  compound  called  Dobutamine  would 
be  an  inhibitor.  We  tested  it  in  a  ribosome  based  protein  synthesis  assay  and  estimated  the 
IC50  at  1  pM  (Figure  1).  Poor  solubility  precludes  an  accurate  measure,  but  if  this  value  holds 
up  in  subsequent  analysis,  it  will  be  about  500  times  more  potent  than  any  previously  identified 
small  molecule  inhibitor  of  RTA.  Figure  2  shows  the  predicted  binding  of  the  compound, 
although  we  have  been  unable  to  form  crystals  of  this  complex  to  confirm  the  binding  mode. 
What  is  interesting  is  that  is  suggests  that  catechols  may  serve  as  a  specificity  pocket  platform. 
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Figure  1  Dobutamine  is  a  strong  inhibitor  of 
RTA.  The  curve  shows  an  IC50  of  1  jaM;  the 
structure  of  Z3911  is  also  indicated. 


Figure  2  Predicted  binding  of  dobutamine 
by  GOLD.  The  inhibitor  is  shown  in  light 
bonds,  and  elements  of  the  RTA  active  site 
are  darker.  Hydrogen  bonds  are  dashed 
lines;  the  catechol  head  group  hydrogen 
bonds  to  the  backbone  of  V81 . 
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TASK  2:  Identify  ligands  for  second  ricin  binding  pocket 

We  reported  last  year  that  all  efforts  to  identify  ligands  binding  to  the  “second  pocket”  adjoining 
the  RTA  specificity  site  (Monzingo  &  Robertus,  1992)  by  X-ray  diffraction  have  failed.  A  major 
problem  appears  to  be  that  most  of  the  candidates  have  poor  solubility.  We  know  that  the  Kd 
values  for  specific  active  site  molecules,  like  adenine  and  pterins,  are  1  -2  mM.  It  is  likely  the 
Kd  for  this  other  site,  when  taken  alone,  is  at  least  that  high.  The  screening  of  shape  diverse 
libraries  requires  a  good  deal  of  organic  solvent  to  dissolve  the  panel  of  compounds  and  this 
has  interfered  with  crystal  screening,  as  it  does  with  kinetic  screening.  It  may  be  that  virtual 
screening  will  be  useful  in  identifying  ligands  for  this  second  site;  indeed  docking  programs 
suggest  that  very  nonpolar  groups  like  naphthalene,  fluorene,  and  acridan  bind  deep  in  this 
second  pocket.  However,  their  poor  solubility  makes  this  difficult  to  confirm  and  bi  and  tri  partite 
synthesis  is  not  yet  in  a  position  to  incorporate  these  groups. 


TASK  3:  Prepare  tripartite  inhibitors  joining  best  specificity  pocket  and  second  pocket 
moieties  with  appropriate  linkers  (months  9-24). 

Synthetic  approaches  to  tripartite  inhibitors  have  focused  on  elaborating  two  specificity 
pocket-binding  scaffolds,  9-oxoguanine  and  9-deazaguanine.  Although  progress  has  been 
made  in  developing  synthetic  approaches,  no  potent  inhibitors  have  been  identified  to  date. 

A.  Prepare  elaborated  9-oxaguanine  analogues 

Work  continues  on  constructing  inhibitors  based  on  the  8-methyl-9-oxa-guanine  scaffold. 
During  the  previous  reporting  period,  a  general  route  to  8-substituted  9-oxo-guanines  was 
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found.  This  route  (Scheme  1)  requires  elaboration  of  appropriate  2-substituted  5-amino- 
oxazoles,  which  are  then  acylated  with  benzoyl  isocyanate,  activated  by  methylation,  and 
cyclized  in  the  presence  of  ammonia.  Although  this  route  is  somewhat  lengthy,  it  has  been 
used  to  successfully  produce  a  number  of  these  8-substituted  9-oxo-guanines,  as  shown  in 
Scheme  1 . 


Given  the  length  of  the  syntheses  of  these  8-substituted-9-oxo-guanines  (Scheme  1),  a 
method  of  introducing  more  elaborate  8-substitutents  from  a  common  8-substituted  precursor 


intermediates  by  reduction  to  the  amines,  direct  conversion  to  imines  via  the  Staudinger 
reaction,  or  by  “Click”  chemistry  involving  coupling  with  terminal  acetylenes  to  afford  triazoles. 
We  have  preliminary  results  to  support  the  viability  of  this  approach,  as  shown  in  Scheme  2. 
The  azidomethyl-substituted  9-oxo-guanine  5c  undergoes  “Click”  chemistry  to  afford  6,  can  be 
reduced  to  the  amine  8  or  the  imine  7.  A  technical  difficulty  that  had  to  be  addressed  in  the 
latter  two  transformation  is  the  limited  solubility  of  5c  in  non-aqueous  solvents.  Under  optimized 
conditions  for  the  catalytic  reduction  of  5c,  the  reaction  is  carried  out  in  dilute  aqueous  NaOH. 
The  azido-ethyl  analog  5d  can  also  undergo  reduction  under  these  conditions;  however,  in  this 
case  a  significant  amount  of  the  8-ethyl  analog  9b  is  also  obtained.  This  format  hydrogenolysis 
of  the  azido  group  of  5d  presumably  occurs  via  elimination  to  the  8-vinyl  analog  under  the  basic 
conditions  required  to  solubilize  5d,  followed  by  hydrogenation  to  9b. 

During  the  previous  reporting  period,  we  had  noted  that  certain  9-oxo-3-thioxanthines 
related  to  5a  displayed  modest  activity  against  ricin  (Scheme  3).  The  S-methyl  derivative  11a 
was  shown  to  have  an  IC50  of  ~  4.8  mM.  In  order  to  determine  if  this  activity  could  be  increased 
by  modification  of  the  3-  or  8-substituents,  additional  analogs  were  prepared,  as  shown  in 
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Scheme  3.  Cyclization  of  the  2-methyl  or  2-iso-propyl  oxazoles  4a, b  in  base  affords  the  8- 
substituted  3-thio-9-oxo-xanthines  10a, b.  Alkylation  of  the  8-methyl  derivative  10a  proceeded 
well  with  a  variety  of  electrophiles  to  afford  the  S-alkylated  derivatives  lla-d.  We  once  again 
took  advantage  of  the  versatility  of  Click  chemistry  to  further  elaborate  the  propargyl  derivative 
11c  to  afford  the  trizaoles  12  and  13. 
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Task  5:  Test  biological  efficacy  of  inhibitors  as  ricin  antidotes  (months  1-36) 
a.  Candidate  inhibitors  will  be  tested  against  ricin  enzyme  activity 


Over  the  past  year  we  have  tested  the  inhibition  of  RTA  by  a  number  of  novel 
compounds.  This  is  summarized  in  Table  2.  The  inability  to  create  useful  pendants  from  the 
active  site  platform  molecules  (purines  or  pterins),  has  limited  our  progress.  The  structural 
designs  for  larger  bi  and  tri  partite  inhibitors  may  have  merit,  but  unanticipated  and  continuing 
difficulties  in  their  synthesis  and  the  insolubility  of  the  few  tripartite  inhibitors  that  were  prepared 
have  prevented  us  from  testing  these  candidates.  The  list  below  is  largely  composed  of 
intermediate  compounds  in  a  more  elaborate  synthetic  strategy. 


Compound 

ID 

IC50 

Compound 

ID 

IC50 

h2n^n^o 

8- 

amino- 

9oxoG 

Not 

dectectable 

nnt^  nh 

<> 

o 

RCN124 

Not 

dectectable 

0 

VYy* 

N-Ny^sAN'Lo 

IVr 

RCN116 

Not 

dectectable 

0 

MeO  O 

ho^-^oh 

OH 

RCN126 

Not 

dectectable 

RCN118 

Not 

dectectable 

0 

HN-VVV 

RCN127 

2.5  mM 

tVv 

n-NY'"V*N^O 

s 

O 

o-7 

RCN120 

1.6  mM 

haInK 

h2n^n^o 

RCN128 

2.8  mM 

KEY  RESEARCH  ACCOMPLISHMENTS 

Our  virtual  screening  efforts  suggest  that  a  useful  new  specificity  site  platform  may  be 
catechols.  Although  no  improved  ricin  inhibitors  have  been  prepared  by  elaboration  of  our 
previously  disclosed  platform  inhibitors,  two  key  synthetic  accomplishments  have  been  met: 
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•  Construction  and  elaboration  of  9-oxo-3-thioxanthine  [5-mercapto-6H-oxazolo[5,4- 
d]pyrimidin-7-one],  including  application  of  “click”  chemistry. 

•  Construction  and  elaboration  of  8-substituted-9-oxo-gunaines  [5-amino-6H-oxazolo[5,4- 
d]pyrimidin-7-ones. 

REPORTABLE  OUTCOMES 

A  manuscript  describing  the  new  synthetic  route  to  9-oxoguanine  derivatives  is  in  preparation. 


CONCLUSIONS 

The  proposed  inhibitor  design  project  is  far  more  difficult  than  originally  envisioned.  The  active 
site  of  RTA  is  large  and  polar,  evolved  to  accommodate  a  large  number  of  weak  interactions 
from  a  large  RNA.  Finding  small  molecules  that  make  strong  and  specific  interactions  to 
compete  with  this  large  scale  substrate  binding  is  taxing.  The  9DG  platform  molecule  is  an 
inhibitor,  as  are  the  7-methyl  and  7-propargyl  groups.  All  can  be  seen  in  complex  by  X-ray. 
However,  the  “Click”  chemistry-derived  triazole  constructs  of  9-deaza  guanine  appear  to  be 
problematic  -  the  large  triazole  group  may  prevent  binding  -  and  all  of  these  analogs  fail  to 
inhibit.  The  9-OG  platform  molecule  is  also  an  inhibitor,  and  synthetic  difficulties  in  preparing 
more  elaborate  substituted  9-OG  analogs  have  recently  been  overcome;  however,  none  of 
these  elaborated  9-OG  inhibit  better  than  the  original  platform.  Even  so,  the  diversity  of 
subsites  within  the  RTA  target  suggest  that  it  should  be  possible  to  create  tight  binding  inhibitors 
-  it  will  simply  require  very  skillful  chemistry.  We  are  also  reasonable  sanguine  about  the  utility 
of  in  silico  virtual  screening.  Tests  recently  completed  suggest  that  the  latest  algorithms  have 
merit,  and  may  lead  to  identification  of  novel  platform  compounds  and  point  to  useful  pendant 
groups  as  well. 

“So  what?”:  The  elaboration  of  two  different  platform  inhibitors  has  as  yet  failed  to  lead  to 
improved  ricin  inhibitors.  The  number  and  nature  of  the  analogs  prepared  has  been  limited  due 
to  unforeseen  problems  with  the  synthetic  routes  and  the  very  limited  solubility  of  some  of  these 
elaborated  compounds.  Even  after  working  around  these  problems,  of  the  several  new 
compounds  that  were  prepared  and  tested,  few  were  inhibitors  and  none  were  superior  to  the 
starting  platform  inhibitors.  Our  most  recent  approach  has  relied  on  “click”  chemistry  to  link 
potential  pendants  to  platforms.  Although  the  chemistry  is  facile,  the  nature  of  the  triazole 
linkers  may  not  be  optimum  for  ricin  inhibition.  None-the-less,  it  is  essential  to  link  larger 
pendants  to  the  largely  optimized  platforms  in  order  to  improve  binding  by  several  logs.  The 
route  forward  must  carefully  examine  not  only  the  nature  of  the  pendant  groups  but  also  the 
linkers.  In  practical  terms,  this  may  require  alternative  platforms  for  which  synthesis  and 
solubility  issues  are  more  optimal  for  the  evaluation  of  a  large  numbers  of  potential  inhibitors. 
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